Plasmodium parasites and related pathogens contain an essential non-photosynthetic 23 plastid organelle, the apicoplast, derived from secondary endosymbiosis. Intriguingly, a highly 24 conserved eukaryotic protein, autophagy-related protein 8 (Atg8), has an autophagy-independent 25 function in the apicoplast. Little is known about the novel apicoplast function of Atg8 and its 26 importance in blood-stage P. falciparum. Using a P. falciparum strain in which Atg8 expression 27 was conditionally regulated, we showed that PfAtg8 is essential for parasite replication. 28
3 eukaryote-eukaryote endosymbiosis which established novel protein/lipid import and organelle 45 inheritance pathways in the parasite cell. Though the apicoplast is essential for parasite survival 46 in all stages of its life cycle, little is known about these novel biogenesis pathways. We show that 47 malaria parasites have adapted a highly conserved protein required for macroautophagy in yeast 48 and mammals to function specifically in apicoplast inheritance. Our finding elucidates a novel 49 mechanism of organelle biogenesis, essential for pathogenesis, in this divergent branch of 50 pathogenic eukaryotes. 51 52 53 Plasmodium (causative agent of malaria) and other apicomplexan parasites are important 54 human and veterinary pathogens. In addition to their biomedical significance, these protozoa 55 represent a branch of the eukaryotic tree distinct from well-studied model organisms that are the 56 textbook examples of eukaryotic biology. As such, parasite biology often reveals startling 57 differences that both highlight the diversity of eukaryotic cell biology and can potentially be 58 leveraged for therapeutic development. A prime example of this unique biology is the non-59 photosynthetic plastid organelle, the apicoplast. It was acquired by an unusual secondary 60 eukaryote-eukaryote endosymbiosis, in which an alga was engulfed by another eukaryote 61 forming a new secondary plastid in the host (1) . Although the apicoplast has lost photosynthetic 62 function, it contains several metabolic pathways and is essential for parasite survival during 63 human infection (2, 3). Despite its importance to pathogenesis, little is known about how the 64 apicoplast coordinates its biogenesis with parasite replication. 65
A priori this unique apicomplexan organelle should have little to do with a highly 66 conserved eukaryotic protein, autophagy-related protein 8 (Atg8). In model organisms, Atg8 67 4 plays a central role in autophagy, a conserved eukaryotic pathway for the degradation of 68 cytoplasmic components. During autophagy, cytoplasmic cargo is sequestered in a double-69 membrane autophagosome which fuses with the lysosome. The ubiquitin-like Atg8 is covalently 70 attached to phosphatidylethanolamine (PE) on the inner and outer membranes of the 71 autophagosome (4). On the autophagosome membrane, it is required for cargo selection, de novo 72 formation of the autophagosome and lysosomal fusion, and is the key marker used to identify 73 autophagosomes (5). In fact, blood-stage Plasmodium parasites have been reported to 74 accumulate Atg8 + vesicles that may represent autophagosomes upon amino acid starvation (6, 7), 75
while Atg8 + autophagosome-like structures in liver-stage parasites are required for the turnover 76 of invasion organelles (8) . 77
Yet Plasmodium Atg8 clearly has a novel function in the apicoplast, distinct from its role 78 in autophagy. Numerous groups independently showed that Atg8 localizes to the apicoplast in 79 blood-and liver-stage Plasmodium as well as the related parasite, Toxoplasma gondii (6, 7, 9-80 12) . Apicoplast localization occurs throughout the parasite replication cycle and is independent 81 of autophagy inducers and inhibitors (7, 9, 13) . This function is likely important since the 82 apicoplast is essential for parasite replication during host infection. Indeed, while yeast and 83 mammalian Atg8 homologs are non-essential under nutrient-replete conditions (14, 15) , 84 knockdown of Atg8 in T. gondii leads to a block in parasite replication with defects in apicoplast 85 biogenesis (16) . Consistent with an essential function in Plasmodium, Atg7, a component of the 86
Atg8 conjugation system, is essential in blood-stage P. falciparum (17), while Atg8 87 overexpression in liver-stage P. berghei results in non-viable parasites with apicoplast defects 88 (8). 89 5 Key questions remain: Is Atg8 required for apicoplast biogenesis in the symptomatic 90 blood stage of Plasmodium falciparum? It seems likely given the essentiality of PfAtg7 and the 91 phenotypes observed in liver-stage P. berghei and T. gondii but has not been demonstrated. What 92 is Atg8's function in apicoplast biogenesis? The abnormal proliferation of apicoplast membranes 93 observed in liver-stage P. berghei overexpressing Atg8 was attributed to its role in membrane 94 expansion (8). Meanwhile the association of Atg8 with vesicles containing apicoplast proteins in 95 blood-stage P. falciparum suggested a role in vesicle-mediated protein import into the apicoplast 96 (6, 7) . Alternatively, TgAtg8 was proposed to mediate the interaction of the apicoplast with 97 the centrosome (16) . Since multiple autophagy-dependent and independent Atg8 functions have 98 been proposed, does PfAtg8 have other functions in blood stage essential for parasite replication? 99
For example, Atg8 may have a role in vesicle trafficking to the food vacuole, the lysosomal 100 compartment for host hemoglobin digestion, which is essential for growth in red blood cells (6, 101 18-20). Atg8's apicoplast function may be particularly challenging to unravel if other Atg8 102 functions are also essential. 103
To answer these questions, we generated a P. falciparum strain in which Atg8 expression 104 was conditionally regulated. We assessed parasite replication and apicoplast defects upon Atg8 105 knockdown, taking advantage of a novel apicoplast chemical rescue only available in blood-106 stage P. falciparum. Not only is PfAtg8 essential for blood-stage Plasmodium replication, its 107 only essential function is in apicoplast biogenesis, where it is required for apicoplast inheritance. 108
109

Results 110
Atg8 is essential for blood-stage Plasmodium replication and apicoplast function 111 6
To determine whether PfAtg8 is essential, we generated a conditional expression strain in 112 which the endogenous Atg8 locus was modified with a C-terminal myc tag and 3' UTR tetR-113 DOZI-binding aptamer sequences for regulated expression ( Figure S1 ). As expected, Atg8 114 expression was induced in the presence of anhydrotetracycline (aTC) which disrupts the tetR-115 DOZI repressor-aptamer interaction (Atg8+ condition; Figure 1A and 1C) (21, 22). Though Atg8 116 was detectable by antibodies against full-length protein, it was not detectable by myc antibodies 117 ( Figure S1 ), suggesting that the C-terminus of Atg8 was cleaved. Removal of aTC at the 118 beginning of the parasite replication cycle resulted in efficient knockdown with no detectable 119
Atg8 protein within the same cycle ( Figure 1B -C). We monitored the growth of Atg8-deficient 120 parasites and observed a dramatic decrease in parasitemia over 2 or more replication cycles 121 compared to control Atg8+ cultures ( Figure 1D ). These results show that PfAtg8 is essential for 122 parasite replication in blood-stage P. falciparum. 123
The growth inhibition observed in Atg8-deficient parasites may specifically be due to its 124 function in the apicoplast or a result of other functions. To distinguish between essential 125 apicoplast and non-apicoplast Atg8 functions, we determined the growth of Atg8-deficient 126 parasites in media supplemented with isopentenyl pyrophosphate (IPP). We previously showed 127 that IPP is the only essential product of the apicoplast in blood-stage Plasmodium. As such, any 128 disruption of the apicoplast, including complete loss of the organelle, can be rescued by the 129 addition of IPP (23). IPP fully rescued the growth defect of Atg8-deficient parasites, 130 7
Atg8 depletion leads to apicoplast loss 135
Each parasite contains a single apicoplast which must be replicated and inherited during 136 cell division. To determine whether PfAtg8 is required for apicoplast biogenesis during parasite 137 replication, we assessed the presence of the apicoplast in Atg8-deficient, IPP-rescued parasites 138 after at least 2 replication cycles when the effects of Atg8 deficiency would be apparent (23). In 139 the first assay, we measured the copy number of the apicoplast genome compared to the nuclear 140 genome and detected a 10-fold decrease in the apicoplast:nuclear genome ratio (Figure 2A ). In a 141 second assay, we determined the localization of an apicoplast-targeted GFP (ACP L -GFP). In Altogether, these results indicate that the apicoplast is lost in Atg8-deficient parasites, likely due 148 to a failure to replicate and inherit new apicoplasts during parasite replication. 149 150
Atg8 depletion does not affect protein and lipid import to the apicoplast 151
We noted that parasite growth was initially unaffected by Atg8 knockdown but then 152 decreased drastically in the subsequent replication cycle. As seen in Figure 1C -D, despite 153 substantial Atg8 depletion upon aTC removal, Atg8-deficient parasites reinvaded new host cells 154 efficiently achieving similar parasitemia as Atg8+ parasites in cycle 1. However, in the 155 subsequent reinvasion (cycle 2), the parasitemia was 26% of the control. To determine whether 156
Atg8 depletion caused defects in apicoplast biogenesis in cycle 1 that preceded the block in 157 8 parasite replication in cycle 2, we monitored key events in apicoplast biogenesis in the first cycle 158 of Atg8 knockdown ( Figure 3A) . 159
The first distinctive change associated with apicoplast biogenesis is growth and formation 160 of a branched apicoplast (25, 26), which is likely dependent on protein and lipid import. 161
Apicoplast-targeted proteins possess an N-terminal transit peptide sequence which targets them 162 to the apicoplast and is removed upon import into the apicoplast (27). To assess apicoplast 163 protein import in Atg8-deficient parasites, we monitored the processing of an imported protein, 164
ClpP, from a 43 kDa full-length protein containing an intact transit peptide (as observed in 165 chloramphenicol-induced apicoplast loss) to a 25 kDa mature form (28). We observed no defect 166 in ClpP processing in trophozoite parasites ~24 hours after Atg8 knockdown ( Figure 3B ). 167
Furthermore, apicoplast-targeted ACP L -GFP localized to a branched tubular structure similar to 168 those in Atg8+ parasites in schizont parasites ~32 hours after Atg8 knockdown, indicating that 169 lipid import contributing to this extensive membrane expansion was also unaffected ( Figure 3C Our findings demonstrate that PfAtg8 has a novel, essential function in apicoplast 205 biogenesis which is conserved among apicomplexan parasites. PfAtg8, like the Atg8 homolog in 206 T. gondii, is essential for parasite replication. The essentiality of apicomplexan Atg8 contrasts 207 with yeast and mammalian Atg8 homologs which are not strictly required for cell growth and 208 proliferation in nutrient-replete conditions (14, 15) . Moreover, though Atg8 has been proposed to 209 have diverse functions in Plasmodium parasites from starvation-induced autophagy to stage-210 specific organelle turnover to intracellular vesicle trafficking (6-8), we showed that only its role 211 in apicoplast biogenesis is essential for blood-stage Plasmodium replication. TgAtg8's 212 essentiality was also attributed to its apicoplast function since neither autophagosome biogenesis 213 by Atg9 nor proteolysis in the lysosomal compartment is essential in replicating tachyzoites (31-214 33). This unique function of PfAtg8 may be leveraged for antimalarial drug development. Since 215 autophagy has important roles in mammalian physiology and development, specificity for 216 disruption of PfAtg8 and its conjugation will be imperative. One strategy may be to identify 217 druggable targets downstream of PfAtg8 that specifically affect apicoplast biogenesis (15, 34), 218 though it is unclear whether direct inhibition of Atg8 function (as opposed to interfering with its 219 expression) will result in the delayed growth inhibition observed in our Atg8 knockdown strain. 220
Finally, we determined essential PfAtg8 functions for blood-stage P. falciparum growth using an 221 in vitro culture system; it is possible that Atg8 has other essential functions under in vivo 222 conditions and/or in other life stages. 223 neurona, dividing apicoplasts are associated with centrosomes, which may serve as a counting 262 mechanism to ensure inheritance of a single apicoplast by each daughter parasite (61, 62). 263
Notably, the association is independent of the mitotic spindle and lost upon knockdown of Atg8 264 in T. gondii, suggesting that Atg8 may mediate this interaction with centrosomal proteins (16, 265 62) . Though Plasmodium lacks centrioles and instead contains "centrosome-like" structures, 266 apicoplast-bound Atg8 may interact with these structures in Plasmodium as well (63, 64). 267
Finally, LC3 and GABARAPs also interact with microtubules and may be required for the 268 transport of autophagosomes and GABA receptor-containing vesicles, respectively (53, 55, 56, 269 65). By analogy, PfAtg8 may interact with microtubules to position the apicoplast during 270 parasite division. Indeed, PfAtg8 may interact with multiple effectors at the apicoplast 271 13 membrane, as it does on autophagosomes, to ensure organelle inheritance. Identifying these 272 effectors will be a challenging but critical next step. 273
Atg8's function in apicoplast biogenesis is required in different life stages of Plasmodium 274 spp and conserved with related apicomplexan parasites. In fact, the apicoplast function of 275 apicomplexan Atg8 is the most consistently observed. Our results in blood-stage Plasmodium 276 corroborate findings in liver-stage Plasmodium and T. gondii tachyzoites that also showed a role 277 in apicoplast biogenesis (8, 10, 12, 16) . Even autophagy, which is the "ancestral" function of 278 Atg8, is not clearly preserved in Plasmodium parasites. It will be interesting to determine 279 whether Atg8's role in apicoplast biogenesis is a specific adaptation of apicomplexan parasites or 280 is also found in free-living relatives that possess a secondary plastid of the same origin such as 281
Chromera. Overall the evolution of this new protein function for a key endosymbiotic event 282 from an ancient template is intriguing (66). 283 284
Materials and methods 285
Culture and transfection conditions 286
Plasmodium falciparum parasites were grown in human erythrocytes (Research Blood 287 Components, Boston, MA/Stanford Blood Center, Stanford, CA) at 2 % hematocrit under 5% O 2 288 and 5% CO 2 , at 37° C in RPMI 1640 media supplemented with 5 g/l Albumax II (Gibco), 2 g/l 289 NaHCO 3 (Fisher), 25 mM HEPES pH 7.4 (Sigma), 0.1 mM hypoxanthine (Sigma) and 50 mg/l 290 gentamicin (Gold Biotechnology) (further referred to as culture medium). For transfections, 50 291 µg plasmid DNA were used per 200 µl packed red blood cells (RBCs), adjusted to 50% 292 hematocrit, and electroporated as previously described (21). Parasites were selected with a 293 combination of 2.5 mg/l blasticidin S (RPI Research Products) and 2.5 nM WR99210 (Atg8 294 14 TetR strain) or 2.5 mg/l blasticidin S and 500 µg/ml G418 sulfate (Corning) (ACPL-GFP 295 expressing Atg8-TetR strain) beginning 4 days after transfection. 296
Cloning and strain generation. 297
All primers used for this study are listed in Supplementary Table 1 was generated by Klenow reaction from oligonucleotides SMG419 and SMG420 and inserted 313 into the AflII site. All ligation steps were performed using Gibson assembly. The resulting 314 plasmid was transfected into the NF54 Cas9+T7 Polymerase strain as described above and transformants 315 were selected with 2.5 µg/l blasticidin S and 2.5 nM WR99210. Culture was maintained in 0.5 316 µM anhydrotetracycline (aTC) (Sigma) unless stated otherwise. Transgene integration (5' 15 junction) was confirmed by PCR using primers SMG454 and SMG493. We were not able to 318 amplify a product on the 3' junction. This strain is referred to as Atg8-TetR strain. 319
To introduce a fluorescent apicoplast marker, GFP with an apicoplast targeting leader sequence, 320 ACP L -GFP was amplified from pRL2-ACP L -GFP using primers mawa059 and mawa060 and 321 cloned into AvrII-SacII restriction sites of a pY110F plasmid using InFusion (Clontech). The 322 plasmid was transfected into Atg8-TetR strain and transformants were selected with 2.5 mg/l 323 blasticidin S and 500 mg/l G418 sulfate. Cultures were maintained in 0.5 µM aTC and 500 mg/l 324 G418 sulfate. 325
Atg8 knock down experiments 326
Ring stage parasites at 5-10% parasitemia were washed twice in the culture medium to remove 327 aTC, resuspended in the culture medium and the hematocrit was adjusted to 2 %. Parasites were 328 divided into 3 cultures grown in the culture medium supplemented with 0.5 µM aTC, without 329 aTC, or without aTC with 200 µM IPP (Isoprenoids) for 4 replication cycles. At schizont stage 330 of each cycle, cultures were diluted 5-fold into fresh culture media with red blood cells at 2 % 331 hematocrit and aTC or IPP was added as required. Aliquots of culture for western blot, 332 quantitative PCR and flow cytometry were collected at ring and/or schizont stage of each cycle, 333 before diluting the cultures. 334
Flow cytometry 335
Parasite cultures or unifected RBCs at 2 % hematocrit were fixed with 1% paraformaldehyde 336 (Electron Microscopy Solutions) in PBS for 4 hours at RT or overnight at 4° C. Nuclei were 337 stained with 50 nM YOYO-1 (Life Technologies) for minimum 1 hour at room temperature. 338
Parasites were analyzed on the BD Accuri C6 flow cytometer. Measurements were done in 339 technical triplicates. 340
Western blot 341
Parasites were lysed with 1 % saponin for 5 min on ice. Parasite pellets were washed twice with 342 ice-cold PBS and resuspended in 20 µl 1x LDS buffer (Life Technologies) melting curve 65°-95° C. Data were analyzed using a delta-delta C T method as previously 362 described (68). 363
Fluorescence microscopy 364
Live or fixed parasites were stained with 2 µg/ml Hoescht 33342 stain for 15 min at room 365 temperature to visualize nuclei. Images were acquired using the Olympus IX70 microscope 366 equipped with a Deltavision Core system, a 100× 1.4 NA Olympus lens, a Sedat Quad filter set 367 (Semrock) and a CoolSnap HQ CCD Camera (Photometrics) controlled via softWoRx 4.1.0 368 software. Images were analyzed using ImageJ. 369
Fluorescence in situ hybridization 370
Oligopaint FISH probe library MyTag was purchased from MYcroarray (see Supplementary  371 Table 2). The library consisted of 477 high-stringency Atto-550 conjugated probes with an 372 overall probe density of 13.9 probes per kb of the apicoplast genome. The probes were 373 resuspended to 10 pmol/µl in ultrapure water (stock solution). 
